Zhang D, Snyder AZ, Fox MD, Sansbury MW, Shimony JS, Raichle ME. Intrinsic functional relations between human cerebral cortex and thalamus. J Neurophysiol 100: 1740 -1748 , 2008 . First published August 13, 2008 doi:10.1152/jn.90463.2008. The brain is active even in the absence of explicit stimuli or overt responses. This activity is highly correlated within specific networks of the cerebral cortex when assessed with resting-state functional magnetic resonance imaging (fMRI) blood oxygen level-dependent (BOLD) imaging. The role of the thalamus in this intrinsic activity is unknown despite its critical role in the function of the cerebral cortex. Here we mapped correlations in resting-state activity between the human thalamus and the cerebral cortex in adult humans using fMRI BOLD imaging. Based on this functional measure of intrinsic brain activity we partitioned the thalamus into nuclear groups that correspond well with postmortem human histology and connectional anatomy inferred from nonhuman primates. This structure/function correspondence in resting-state activity was strongest between each cerebral hemisphere and its ipsilateral thalamus. However, each hemisphere was also strongly correlated with the contralateral thalamus, a pattern that is not attributable to known thalamocortical monosynaptic connections. These results extend our understanding of the intrinsic network organization of the human brain to the thalamus and highlight the potential of resting-state fMRI BOLD imaging to elucidate thalamocortical relationships.
I N T R O D U C T I O N
Spontaneous fluctuations of the blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI) signal are temporally coherent within anatomically and functionally related areas of the brain (e.g., see Damoiseaux et al. 2006; Fox et al. 2005; Greicius et al. 2003; Hampson et al. 2002; Vincent et al. 2007) . Functionally organized systems defined on this basis were first described by Biswal and colleagues (1995) within the somatomotor network and since then have been demonstrated in multiple systems within the cerebral cortex (for a recent comprehensive review of this literature see Fox and Raichle 2007) . Less is known regarding participation of the thalamus in this intrinsic activity despite its central role in the function of the cerebral cortex (Jones 2007; Sherman and Guillery 2006) .
Given the unique cytoarchitecture and firing patterns in the thalamus (Jones 2007; Sherman and Guillery 2006) , it is unclear whether and how spontaneous BOLD fluctuations in the thalamus and cortex will be related. Previous resting-state functional connectivity studies using fMRI BOLD imaging have occasionally noted significant thalamocortical correlations (Anand et al. 2005; Beckmann et al. 2005; De Luca et al. 2006; Dosenbach et al. 2007; Fox and Raichle 2007; Greicius et al. 2007; Seeley et al. 2007; Stein et al. 2000) . However, in many cases, the observed correlations extended over large areas of the thalamus without respecting classical nuclear boundaries and there has been no attempt to systematically characterize thalamic nuclei on the basis of spontaneous activity. The lack of specificity with regard to the thalamus in prior resting-state BOLD correlation mapping likely reflects not only shared neuronal signals propagated over multiple brain areas but also spatially uniform fluctuations in the BOLD signal generated by cardiac and respiratory activity (Birn et al. 2006; Triantafyllou et al. 2005 ).
The present work examines patterns of coherence within the thalamocortical system derived from partial correlation mapping of spontaneous fluctuations in the fMRI BOLD signal. Highly specific patterns of resting-state connectivity were seen between specific regions of the cerebral cortex and the thalamus. Much of the observed functional connectivity reflects known anatomical connections, consistent with evidence that resting-state networks are synchronized by the underlying axonal connections (Greicius et al. 2008; Honey et al. 2007; Johnston et al. 2008; Quigley et al. 2003; Vincent et al. 2007 ). However, some aspects of the connectivity (e.g., the bilaterally symmetric correlations of the cerebral cortex in the thalamus) are uniquely revealed by this imaging approach, adding a new dimension to our understanding of the organization of the brain's intrinsic activity.
M E T H O D S
Resting-state BOLD sensitized fMRI data (4 ϫ 4 ϫ 4 mm voxels, TE 25 ms, TR 2.16 s) were acquired in 17 normal young adults using a 3T Siemens Allegra MR scanner in the course of a previous study (Fox et al. 2007) . Each data set included four 7-min runs of 194 frames each (28 min total) during which subjects visually fixated on a crosshair. No task was imposed except to remain still and not fall asleep.
Structural images acquired for definitive atlas transformation included a 1 ϫ 1 ϫ 1.25-mm sagittal T1-weighted magnetizationprepared rapid gradient echo (MP-RAGE) (TR ϭ 2.1 s, TE ϭ 3.93 ms, flip angle ϭ 7°) and a T2-weighted (T2W) fast spin echo scan.
Preprocessing of imaging data
Preprocessing included compensation for systematic, slice dependent time shifts using sinc interpolation, elimination of systematic odd-even slice intensity differences due to interleaved acquisition, rigid body correction for head motion within and across runs, and normalization of the signal intensity across each run (not counting the first four frames) to obtain a whole brain mode value of 1,000 (Ojemann et al. 1997) . Atlas transformation was achieved by composition of affine transforms connecting the first functional volume (averaged over all fMRI runs after cross-run realignment) with the T2-weighted and T1-weighted structural images. Common mode image registration (e.g., to correct for head motion within and across fMRI runs and affine warping of T1-weighted structural images to the atlas-representative target image) was performed using in-house versions of standard algorithms (Woods et al. 1998) . Cross-modal registration (e.g., T2-to T1-weighted images) was performed using the vector gradient matching algorithm of Rowland et al. (2005) . Our atlas-representative template includes MP-RAGE data from 12 normal individuals and was made to conform to the 1988 Talairach atlas (Talairach and Tournoux 1988) according to the method of Lancaster et al. (1995) . To prepare our BOLD data for the present analyses, each fMRI run was resampled to 2-mm 3 voxels in atlas space. For display purposes, voxel boundaries were smoothed using fourfold interpolation and then displayed using in-house software written on the MATLAB platform (The MathWorks, Natick, MA).
Linear trends across runs were removed voxelwise and the data were low-pass filtered using a second-order Butterworth filter to retain frequencies Ͻ0.1 Hz. No high-pass filter was used. Several sources of spurious variance were removed by regression of the following nuisance variables along with their first derivatives: 1) the six parameters resulting from rigid body correction for head motion; 2) a signal from a ventricular region of interest (ROI); 3) and a signal from a white-matter ROI (Fox et al. 2005) . Regression of the whole brain signal, which normally is included in our seed ROI-based functional connectivity procedure (Fox et al. 2005) , was omitted because of our observation that the thalamus highly correlates with this signal (D Zhang and MD Fox, unpublished observations). Spatial blurring was also omitted to maximize resolution in the analyses of small brain structures, in particular the thalamus.
Cortical ROI definition
To investigate the specific functional relationships between the cortex and the thalamus, the cortex of each hemisphere was partitioned into five disjoint regions. In detail, the MP-RAGE image obtained in a normal young adult volunteer (not included in this study) was segmented and the brain surface extracted and deformed to the population-average, landmark-and surface-based (PALS)-B12 (Van Essen 2005) atlas using SureFit and CARET (Van Essen and Drury 1997; Van Essen et al. 2001) . The partition boundaries were manually drawn on the basis of major sulcal landmarks, largely following previous work (Behrens et al. 2003) taking into account the known anatomical connectivity of the thalamus and the cortex. In this manner, five disjoint cortical ROIs were defined: 1) frontopolar and frontal cortex including the orbital surface and anterior cingulate; 2) motor and premotor cortex (Brodmann areas 6 and 4) excluding adjacent portions of cingulate cortex; 3) somatosensory cortex (Brodmann areas 3, 1, 2, 5, and parts of 40); 4) parietal and occipital cortex including posterior cingulate and lingual gyrus; 5) temporal cortex including the lateral surface, temporal pole, and parahippocampal areas (Fig. 1A) . All of the insula and adjacent opercular regions as well as midcingulate cortex were excluded from the present analyses. To generate five volume space ROIs, the surface regions obtained by the partitioning scheme were assigned a thickness of 3 mm (1.5 mm above and below the fiducial surface corresponding to "layer IV").
Partial correlation mapping between the cerebral cortex and the thalamus
The average BOLD time course was extracted from each cortical ROI. Using these time courses, partial and total correlations were computed for each voxel in the thalamus. The equations for total and partial correlations appear in supplemental material. 1 We computed partial correlations between each thalamic voxel and each of five cortical ROIs. The partial correlation between the local thalamic signal and cortical ROI 1 is the correlation after eliminating the influence of all other cortical ROIs. It should be noted that partial correlation can be related to regression and total correlation by the following example. For given signals A, B, and C, the partial correlation of A and B eliminating the influence of C is the same as regressing the influence of C from A and B, and then computing the total correlation of the residuals of A and B.
For purposes of calculating statistical significance, partial correlation coefficients were converted to a normal distribution using Fisher's r-to-z transform. In computing the statistical significance of correlations when successive observations are independent, the degree of freedom is equal to the number of samples less a small correction. However, since consecutive BOLD frames are not independent, it is necessary to correct the degrees of freedom according to Bartlett's theory (Fox et al. 2005; Jenkins and Watts 1968) . In the present data, the proportionality between frames and degrees of freedom was computed to be 3.183. Accordingly, for purposes of significance testing under a fixed-effects model, the z-transformed partial correlation values were converted to Z-scores by multiplying by ͌ (n Ϫ k Ϫ 3, where n is the degrees of freedom (number of frames divided by 3.183) and k is the order of the partial correlation (places to the right of the point in Yule's notation in Eq. 3; see supplemental material) (Weatherburn 1949) . It should be noted that statistical parametric mapping is an alternative, equally valid method to partial correlation mapping (Friston 2007) . Z-score maps were combined across subjects using a fixed-effects analysis. Although partial correlations are defined over all voxels in the brain, we confine the reporting of our results to the thalamus, superior and inferior colliculi, striatum, and globus pallidus. Boundaries enclosing these structures were created by manual tracing of the atlas template. Resulting images were corrected for multiple comparisons using a bootstrap method (see supplemental materials).
R E S U L T S

Thalamus mapping
Results obtained by partial correlation mapping of the thalamus are shown in Fig. 1 and Supplemental Fig. S2 . Each cortical ROI representing bilaterally homologous areas of the cerebral cortex gave rise to significantly positive partial correlations in spatially restricted zones of the thalamus. Moreover, inspection of all five partial correlation maps revealed that most voxels within the thalamus showed strongly positive, nonoverlapping correlations with one and only one cortical ROI. Thus for example, the map of the somatosensory ROI (Fig. 1B, panel 4) showed strong positive correlations in a zone corresponding to a void in the motor ϩ premotor map (Fig. 1B,  panel 3 ). Systematic evaluation of the partial correlation of each thalamic voxel with each of the five cortical ROIs (Fig. 2) confirmed that the great majority of thalamic voxels were strongly positively correlated with one and only one cortical ROI. This nonoverlapping property suggested creating winnertake-all (WTA) representations by labeling each thalamic voxel according to the cortical ROI with the highest partial correlation ( Fig. 1C and Supplemental Fig. S3 ). The WTA maps were highly ordered: similarly labeled voxels were clustered together in aggregate regions, suggesting thalamic nuclear groups.
Closer inspection of the our partial correlation results suggested a substantial correspondence with known axonal connectivity determined by postmortem human studies (Morel et al. 1997) and extrapolated from monkey studies (Jones 2007; Nieuwenhuys et al. 1988) . Summarized briefly, previously established anatomical results document reciprocal connections between the prefrontal cortex and mediodorsal nucleus; the motor and premotor cortex with ventral anterior and ventral lateral nuclei; the somatosensory cortex with ventral posterior nucleus; the temporal cortex with medial pulvinar and medial geniculate nucleus (MGN); occipital cortex with the lateral geniculate nucleus (LGN); and occipital and parietal cortex with the inferior pulvinar (Jones 2007). The superior colliculus is a subcortical eye-movement control center that is reciprocally connected with the visual (occipital) cortex (Lock et al. 2003) , whereas the inferior colliculus is an auditory relay center reciprocally connected with auditory (temporal) cortex (Herbert et al. 1991; Roger and Arnault 1989) . The present partial correlation results (Fig. 1 , B and C and Supplemental Figs. S2 and S3) bear comparison to the above-summarized connectional neuroanatomy with the caveat that the spatial resolution of fMRI is coarse compared with histology. Thus in the following discussion of thalamic nuclear groups the precision is necessarily approximate. Proceeding on this basis, the parietal ϩ occipital cortical ROI (yellow label) showed maximal partial correlation with a subdivision of the thalamus that provisionally corresponds to the lateral pulvinar as well as the superior colliculus (Fig. 1C) . The temporal cortical ROI corresponded most strongly with what appears to be the medial pulvinar as well as the inferior colliculus. Similarly, the prefrontal cortical ROI (dark blue label) showed maximal partial correlation with mediodorsal and anterior nuclear areas. The locus of maximal correlation of the somatosensory cortical ROI (light blue) seems to correspond approximately to nucleus ventral posterior (VP; see Supplemental Fig. S3 , coronal view). The motor cortical ROI correlated with a large region of the thalamus that includes what seems to be the ventral lateral, ventral anterior, and parts of mediodorsal nuclei.
Anatomically, the motor areas of cortex that connect with basal ganglia regions such as the putamen also connect with intralaminar nuclei, which in turn project fibers to the same areas of putamen (Jones 2007). Extending our maps to include the basal ganglia showed that motor/premotor cortex was correlated with both the putamen and parts of intralaminar nuclei that included the centre median nucleus (Fig. 3) . The caudate nucleus correlated most strongly with the prefrontal ROI. Globus pallidus, which receives anatomical projections from striatum, did not correlate with associated cortical ROIs either in the prefrontal or motor/premotor areas, although neurotransmission to globus pallidus is inhibitory (GABAergic), whereas all other pathways mentioned thus far are excitatory (glutamatergic). Only the parietal ϩ occipital ROI showed correlations with parts of globus pallidus, specifically the internal segment (Fig. 3) . Direct seeding of the internal segment approaches the limit of our spatial resolution but direct seeding of the putamen, which is a much larger structure, clearly showed that the putamen is not correlated with the GP, although it was correlated with contralateral putamen and also with ventral anterior/ventral lateral thalamic nuclei (Supplemental Fig. S4 ).
Because most thalamic voxels exhibit strong partial correlations with one and only one cortical ROI (Fig. 2) , the WTA representation is efficient and mostly accurate. However, some thalamic nuclei showed strong partial correlation with two cortical ROIs. In particular, the medial pulvinar's spontaneous activity contained signals unique to both the prefrontal and FIG. 1. Highly specific correlations are seen between the cerebral cortex and the thalamus in their intrinsic activity. A: bilateral cortical regions of interest (ROIs) illustrating partitioning according to major anatomical landmarks. Prefrontal: dark blue; Parietal ϩ Occipital: yellow; Motor ϩ Premotor: orange; Somatosensory: light blue; Temporal: green. This color code is consistently used in all figures. Selected transverse slices (z ϭ 66, 39, 9, Ϫ18) are shown. B: partial correlation Z-score maps (fixed-effects analysis using all 17 subjects) generated for each of the cortical ROIs. Voxels meeting a criterion of P Ͻ 0.05 are colored. Transverse slice z ϭ 6. Note: spatially distinct maps for each of the cortical ROIs. See supplemental data for localization of negative partial correlations and a discussion on the interpretation of negative partial correlations. C: winner-take-all (WTA) maps obtained by labeling each thalamic voxel according to the cortical ROI with the highest partial correlation value. Only voxels at which the most winning Z-score significance exceeded P Ͻ 0.05 are colored (color code as in A). From left to right: transverse slice z ϭ 6; sagittal slices x ϭ 5, 15; coronal slices y ϭ Ϫ23, Ϫ27.
temporal ROIs (Fig. 1B, panels 1 and 5) , suggesting that this thalamic locus intrinsically communicates with both cortical areas. Connectional anatomy supports this observation with evidence that the medial pulvinar is strongly interconnected with both temporal and prefrontal cortex (Nieuwenhuys et al. 1988 ).
Laterality of partial correlations
Because the above-discussed results were obtained with bilaterally symmetric cortical regions that were necessarily highly symmetric, we next repeated the partial correlation analysis using cortical ROIs confined to one hemisphere. The results obtained with unilateral cortical ROIs (Fig. 4 and Supplemental Fig. S5 ) were surprisingly similar to the maps obtained with bilateral ROIs in their spatial distribution (Fig.  1) . In particular, only modest asymmetry was present. To quantitatively assess asymmetry in partial correlation strength, thalamic voxels were first partitioned on the basis of the WTA map shown in Fig. 1C . Then, the partial correlations were computed for each WTA partition and its corresponding cortical ROI and then transformed using Fisher's r-to-z transform. A random-effects analysis was conducted against the null hypothesis of no statistical difference between partial correlations involving unilateral cortical ROIs and either hemithalamus.
This statistical maneuver returned highly significant results for the prefrontal partial correlations (Table 1 ; dark blue label). Quantitatively moderate and borderline significant ipsilaterality was also seen in the motor ϩ premotor (orange) and in the somatosensory (light blue) results. Interestingly, parietal ϩ occipital correlations (yellow) were always stronger in the right thalamus, regardless of whether the cortical ROI was in the left or right hemisphere. Thalamic partial correlations with the temporal ROI (green) were notable for the complete absence of laterality.
Total and partial correlations
In our analysis, we sought to eliminate the shared influence from a priori regions of interest, specifically the influence from other cortical ROIs. A comparison was made to correlation maps generated without eliminating these shared influences (total correlation maps) to see how partial correlation differed from a more traditional approach (see Fox et al. 2005; Vincent et al. 2006) . Starting from the same cortical regions, partial correlation maps showed increased specificity relative to total correlation maps, especially in the motor/premotor and somatosensory maps (Fig. 5) . These two cortical regions have very similar BOLD profiles and therefore generate very similar total correlation maps. However, by eliminating shared influences, one can see a clear difference in localization in the partial correlation maps. If the difference in BOLD signal between the motor/premotor and somatosensory cortices were strictly the result of scanner noise or widely distributed physiological noise, elimination of one signal from the other would result in a correlation map with little specificity. Instead, elimination of shared signals demonstrated that the signal unique to each cortical area localized to distinct loci in the thalamus. The observation of increased specificity using a component of the signal unique to each cortical ROI suggests, FIG. 2. Each thalamic voxel is highly correlated with one cortical ROI. This matrix represents partial correlations computed for each thalamic voxel paired with each cortical ROI. First, correlation values were computed for each subject and transformed using Fisher's r-to-z transform. Then, descriptive Z-scores were generated at the population level using a fixed-effects model (see METHODS). Red and blue hues indicate, respectively, positive and negative correlations. Thalamic voxels within the same WTA bilateral thalamic partition (Fig. 1C) are grouped together on the vertical axis. FIG. 3 . The basal ganglia system shows high specificity in correlational connectivity with the cortex. Motor and premotor cortex are most correlated with putamen and juxtaposing head of caudate nucleus (slice: z ϭ 10). Prefrontal cortex is most correlated with caudate nucleus (slice: z ϭ 10). Parietal and occipital cortex have weaker but seemingly specific correlations with parts of globus pallidus, mostly confined to the internal segment (slice: z ϭ 2). Temporal cortex has weak correlations with parts of putamen (z ϭ 0). Somatosensory (z ϭ 10).
first, that this component is of neuronal origin and, second, that partial correlation offers a way to isolate components of neuronal activity from a mixture of recorded neuronal signals.
D I S C U S S I O N
Spontaneous coherent fluctuations in both brain oxygen availability and blood flow in the cerebral cortex of a variety of species including humans have been known for Ͼ30 yr (for a review of this interesting early literature see Vern et al. 1997) . Because the fMRI BOLD signal is dependent on changes in oxygen availability (Ogawa et al. 1990; Pauling and Coryell 1936a,b; Thulborn et al. 1982) it follows that the BOLD signal should contain evidence of such spontaneous coherent fluctuations. It was Biswal and colleagues (1995) who first demonstrated that spontaneous fluctuations in the fMRI BOLD signal (i.e., "noise") contained evidence of spatially coherent fluctuations in brain oxygen availability. Since then, there has been increasing interest in this long overlooked phenomenon. It is now clear that the spatial organization of this intrinsic activity replicates the topography of multiple brain systems of the human and monkey cerebral cortex previously defined on the basis of task-related neuroimaging (for a recent review see Fox and Raichle 2007). However, the majority of this work has focused on the cerebral cortex.
Herein we show that the spatial organization of the brain's intrinsic neuronal activity, as reflected in spontaneous fluctuations of the fMRI BOLD signal (Leopold et al. 2003; Logothetis et al. 2001) , includes highly organized patterns of coherent activity shared by the thalamus and the cerebral cortex. The present results ( Fig. 1 and Supplemental Fig. S2 ) define thalamocortical relationships in substantial agreement with known thalamic nuclear grouping determined by postmortem human studies (Mai et al. 2008; Morel et al. 1997 ) and anatomical track-tracing data from other mammalian species including monkeys (Jones 2007; Nieuwenhuys et al. 1988 ). Our results, however, are not expected to correspond exactly to anatomical studies because partial correlation mapping of the BOLD signal is fundamentally a physiological as opposed to an anatomical technique that measures modulation of neuronal activity (Logothetis et al. 2001; Raichle and Mintun 2006) .
Functional and anatomical connectivity
A striking disparity between structure and function is seen in the almost exact mirror symmetry of thalamic maps generated using unilateral cortical ROIs (Fig. 4B and Supplemental Fig.  S4B ). This symmetry is not in accordance with known monosynaptic anatomical connectivity between the cortex and the thalamus, which is strongly ipsilateral (Jones 2007). Direct interthalamic connections between principal nuclei have not been shown to exist (Jones 2007) and are thus unlikely to contribute to interthalamic synchrony. Thus it appears most likely that this synchrony is mediated by polysynaptic mechanisms. The cerebral hemispheres are densely interconnected by the major cortical commissures, especially the corpus callosum. The brain stem reticular formation is also well situated to promote symmetry of cortico-thalamic functional relations because it includes multiple bilateral pathways and is densely interconnected with both the thalamus and the cerebral hemispheres (Jones 2007) . This bilateral synchrony demonstrates that fMRI BOLD imaging in general allows measurements of functional relationships among areas of the brain that are supported by multisynaptic connections (see Koch et al. 2002; Vincent et al. 2007 ), whereas anatomical inferences of multisynaptic interactions remain incomplete because of incomplete knowledge of anatomical connectivity (including synaptic organization).
In addition to polysynaptic connections, anatomical and functional/physiological connectivity may produce different results for other reasons. First, structure and function are not expected to have a proportional relationship between the importance of a connection and the number of axonal projections (or synaptic inputs) to a given area, even if future work is able to derive such detailed connectional anatomy for all areas of the brain. For example, retinal input accounts for only 7% of the total synapses to the cat LGN, outnumbered by inputs from cortex and even brain stem, yet few would argue that the LGN functions primarily to relay information from the retina and not brain stem (Sherman and Guillery 2006; Van Horn et al. 2000) . Thus driver input to the LGN and other thalamic relay cells in general, which define the information being relayed, may be greatly outnumbered by modulatory input to those same areas FIG. 4 . A: unilateral cortical ROIs in the right hemisphere demonstrate the same specificity as bilateral cortical ROIs in ipsilateral as well as contralateral thalamus. All else as in Fig. 1A . B: corresponding partial correlation Z-score maps. All else as in Fig. 1B . C: WTA maps. All else as in Fig. 1C . (Sherman and Guillery 2006; Wang et al. 2002) . Drivers may be able to exert a dominant role in downstream signaling because of distinct synaptic properties different from modulators (terminal arbor morphology, neurotransmitter type, probability of transmitter release, ionotropic vs. metabotropic receptor activation) (Sherman and Guillery 2006) .
The distinction between drivers versus modulators is particularly relevant for sensory relay nuclei of the thalamus. Here it is well established that drivers control receptive field properties of relay cells, whereas modulators have little influence on that property (Sherman and Guillery 2006) . In higher-order relay circuits that traverse a cortico-thalamo-cortical pathway, drivers are harder to define in terms of receptive field properties. However, other functional properties of sensory relay drivers may still apply. The functional dominance of retinal input can be seen in the elicitation of larger excitatory postsynaptic potentials in the LGN than modulatory input from layer 6 cortex (Sherman and Guillery 2006) . Extending this observation, one can make the argument that the significance of a functional linkage might be observed as a tighter coupling in neuronal activity, especially in relay nuclei where local processing of the signal may be minimal. Intralaminar nuclei show strong correlations with motor and prefrontal cortex in our partial correlation maps, whereas anatomically these thalamic nuclei have diffuse projections to cortex and have been shown to project predominantly to subcortical instead of cortical structures (Jones 2007). Strong correlated activity may suggest a driver-like role in the neuronal circuitry that functionally ties these regions together, even though the number of physical connections may be sparse.
Differences between structure and function may also exist for technical reasons. Our results, being constrained by the spatial resolution of fMRI, are admittedly coarse compared with the level of detail available from formal anatomical studies. Boundaries defined by our cortical partitioning also greatly simplify the level of detail in the anatomical connectivity. Thalamic nuclei have varying degrees of distributional connectivity to multiple cortical regions (Jones 2007), some of which do not respect the boundaries we have defined here. However, the advantage of the functional imaging approach used here compared with classical anatomical studies is that it provides a measure of functional connectivity for every voxel in the thalamus and does so noninvasively in awake, resting humans.
In future work, a combination of functional and anatomical techniques will be best suited to answering questions of functional relationships and fiber pathways contributing to functional synchrony. It is worth noting that a prominent study (Behrens et al. 2003) has previously characterized connections between the cortex and thalamus using diffusion tensor imaging and tractography (DTI/DTT). Although a detailed compar- FIG. 5. Comparison of correlation mapping techniques illustrated using the Motor ϩ Premotor and Somatosensory bilateral cortical ROIs shows the increased specificity using partial correlation. A: total correlation. B: partial correlation. All slices are transverse, z ϭ 6. The average partial correlation strength for each thalamic partition (color code as in Fig. 1B ) was evaluated in each hemithalamus. The statistical results represent paired t-tests (two-sided) over the population of subjects computed on Fisher's r-to-z transformed partial correlations, the null hypothesis being equal to the mean partial correlation in the left and right hemithalamus. Asterisks (*) indicate ipsilaterality significance exceeding P Ͻ 0.05. Daggers ( †) indicate contralaterality significance exceeding P Ͻ 0.05. Note: statistically significant prefrontal ipsilaterality but absent temporal ipsilaterality.
ison of partial correlation mapping versus probabilistic DTT is beyond the scope of this report, we emphasize here that the two methods are based on radically dissimilar approaches that start at opposite ends of the structure/function spectrum and offer two distinct and unique sets of information. DTT uses diffusion-weighted anisotropy to reconstruct fiber tracts on which inferences of functional interactions are possible, whereas partial correlation mapping is able to directly measure functional interactions but not the underlying anatomical pathway that led to the observed synchrony. Therefore an obvious complement exists between the two approaches toward understanding physiologically important functional interactions.
Functional connectivity of the basal ganglia
Functional connections between motor/premotor cortex and putamen and also between prefrontal cortex and caudate are consistent with the anatomical observations from both primates and human studies, demonstrating that the basal ganglia have an important role in motor control and cognition (Middleton and Strick 1994; Mink 1996; Wiesendanger et al. 2004 ). However, the lack of any correlation between these cortical areas and the globus pallidus (GP) was unexpected given the strong physical connections that the GP receives from the striatum, which in turn receives major projections from the frontal lobe. The lack of any observable functional association may be due to different sensitivity of fMRI measurements to glutamatergic versus GABAergic neurotransmission. The dependence of the fMRI BOLD signal on changes in local oxygen availability sensitizes the method to differences in metabolic needs including differences due to neurotransmitter recycling. Previous studies have shown that astrocyte exposure to glutamate, but not to ␥-aminobutyric acid (GABA), elicits glycolysis (Buzsáki et al. 2007; Chatton et al. 2003) . It follows from this observation that BOLD fMRI may be much more sensitive to glutamatergic than to GABAergic signaling. Additionally, this signal is more correlated with the neuronal activity input to a given region than the neuronal spiking that is the output of that region (Logothetis et al. 2001; Raichle and Mintun 2006) .
Proceeding, for the moment, with the assumption that the fMRI signal reflects glutamatergic more than GABAergic signaling and that the signal seen in a region reflects upstream input, then the activity seen in the globus pallidus likely reflects the neuronal activity of regions of the brain that project excitatory terminals to GP. Because fMRI may not be very sensitive to GABA signaling and because GABAergic synapses compared with glutamatergic synapses likely dominate the total number of synapses in the GP, the predominant activity in the globus pallidus may go undetected in fMRI measurements. Therefore it is possible that the fMRI signal detects activity only from the remaining excitatory pathways, even though these pathways may contribute to only a small portion of the total connectivity to the GP. Anatomically, the GP receives glutamatergic input from subthalamic nucleus, although most of its input is GABAergic from the striatum. In comparing our functional connectivity among structures in the basal ganglia, it seems that, qualitatively, the correlations between GP and occipital/parietal cortex are much weaker than the correlations between the striatum and the cerebral cortex.
Intrinsic activity
Within the thalamocortical circuit, task-evoked activity can produce specific paired activations in the thalamus and cortex such as those in LGN/visual cortex (Kastner et al. 2006 ) and MGN/auditory cortex (Sigalovsky and Melcher 2006) . Although our cortical ROIs encompass large regions of cerebral cortex, the pattern of correlations between these cortical regions and the thalamus shows a similar organization. This spatial overlap of spontaneous activity with evoked activity has been previously reported in cortical systems (Greicius et al. 2003; Hampson et al. 2002; Vincent et al. 2007 ) and suggests, along with our present data, that functional correlations are preserved in the thalamocortical system during resting state in the absence of overt task performance and even under anesthesia (Vincent et al. 2007) . Correlated ongoing spontaneous activity may be required to maintain the integrity of functional relationships and to keep the system in a state of readiness to react to external stimuli and possibly to predict future events (Fox and Raichle 2007) .
Thalamocortical system and disease
The importance of the thalamus in maintaining conscious experience is underscored by the recent well-publicized result in which a patient who had been in a minimally conscious state for many years following traumatic brain injury showed dramatic improvement with thalamic stimulation (Schiff et al. 2007) . Other data acquired from a persistent vegetative state patient showed alterations in thalamocortical blood flow positron emission tomography measurements that recovered after restoration of consciousness (Laureys et al. 2000) . Functional connectivity using resting-state fMRI also shows the promise of detecting alterations in thalamocortical connectivity in patient populations such as those with psychiatric diseases (Anand et al. 2005; Greicius et al. 2007 ). The thalamic boundaries defined in the present study may serve as a functional atlas for localizing areas of the thalamus that show functional alterations with disease. Systematic characterization of thalamocortical connectivity using similar approaches to the current study may show better localization of thalamic connectivity alterations than have been previously reported.
Future applications of partial correlation mapping
In our analysis, partial correlation offered the advantage of controlling for the specific influences of a priori selected regions of the brain in an attempt to better separate the relative contributions of each cortical signal to thalamic activity. The increase in specificity compared with traditional correlation maps was exemplified in the comparison of motor/premotor and somatosensory maps (Fig. 5) . However, many functional connectivity mapping studies are more exploratory and selection of appropriate regions to control for is not possible. Therefore partial correlation mapping is not a technique that would universally replace standard functional connectivity techniques but, rather, a complementary approach in cases where controlling for a priori selected regions is desired.
The partial correlation results presented here (e.g., Fig. 1 ) were computed after elimination of shared signals from all but one selected cortical ROI. The involved computations may become numerically unstable (and thus generate nonphysi-ologic results) if any signals to be eliminated are strongly correlated. Thus data suitable for partial correlation analysis must be selected with care to obtain interpretable results. In practice, this places a limit on the number of ROIs that can be used to compute partial correlation maps of the type presented here. Exploratory experiments addressing this question suggest that the ROI count limit may be on the order of 10 (D Zhang and AZ Snyder, unpublished observations). This value will be greater or smaller depending on the quality of the available data (signal-to-noise ratio) and number of subjects available for averaging.
The type and number of signals to be eliminated in computing partial correlations should be defined to fit the needs of the particular analysis of interest. Even after defining these regions, there are combinatoric considerations to take into account. Total correlation is equivalent to partial correlation of order zero (order in this case meaning the number of signals to be eliminated). Partial correlation of order k involves evaluating the determinants of (k ϩ 1) ϫ (k ϩ 1) submatrices. This mathematical formalism represents a potential framework for organizing the investigation of the brain's internal dialog. Thus given n nodes, there are 1/2(n)(n Ϫ 1) node pairs, not counting the n instances in which each node is paired with itself. Accordingly, there are 1/2(n)(n Ϫ 1) total correlations and an equal number of partial correlations of maximal order, the maximal order being n Ϫ 2. The number of partial correlations of order one is 1/2(n)(n Ϫ 1)(n Ϫ 2). Most generally, the number of partial correlations of order k is 1/2(n)(n Ϫ 1)[n Ϫ These combinatoric considerations carry implications regarding the potential uses of partial correlation analysis and apply to any physiological measure of neuronal activity as well as to BOLD imaging. It is evident that the number of defined partial correlations increases faster than exponentially as the number of nodes increases. Even for a handful of nodes, the total number and complexity of potentially computable partial correlations imply that automated methods are needed merely to organize the results. However, we suggest that this complexity is well suited to investigations of the brain in which numerous spontaneous processes maintain communication of varying degrees of specificity versus generality. 
